Background
miRNA sponge interaction networks and modules. Specifically, it is still difficult for researchers to choose suitable computational methods to identify miRNA sponge interactions or modules in their own data, or compare the performance of their newly developed methods with existing methods. Moreover, it is time consuming for both bioinformaticians and biologists to obtain existing algorithms for their studies as there is not a tool which contains a comprehensive collection of the algorithms. To fill this gap, we have developed an R/Bioconductor package, miRspongeR, to provide a pipeline for the identification and analysis of miRNA sponge interaction networks and modules. The advantage of the miRspongeR package is that it enables bioinformaticians and biologists to quickly compare their proposed methods with existing methods, apply existing methods to their own data, and select suitable methods for assisting in subsequent experimental design.
Implementation

Pipeline of miRspongeR
The miRspongeR package is written in R. The main pipeline of miRspongeR is given in Figure 1 , which can be separated into three components for the identification and analysis of miRNA sponge interaction networks and modules:
• Identification of miRNA sponge interactions
• Identification of miRNA sponge modules
• Validation and analysis
For input data, a miRNA-target interaction refers to the relationship of a miRNA and a validated or predicted target gene of the miRNA. The validated or predicted sites of the target gene that bind to the miRNA are known as the miRNA response elements.
We say two genes share a miRNA or have a shared miRNA if they both are targets of the miRNA. When two miRNAs have a same target gene and the same miRNA response elements or binding sites on the target gene, we say the two miRNAs share miRNA target sites or they have a sharing of miRNA target sites.
In the following subsections, we describe the three components of the pipeline in detail.
Identification of miRNA sponge interactions
To identify miRNA sponge interactions, miRspongeR provides the spongeMethod function which has implemented seven popular methods: miRHomology [12, 13] , positive correlation (pc) [14, 15] , sppc [16] , hermes [17] , ppc [11] , muTaME [10] , and cernia [18] . In the following, we describe each of the implemented methods in detail.
(1) The miRHomology method
The miRNA Homology (miRHomology) method identifies miRNA sponge interactions based on the homology of the shared miRNAs. Firstly, the miRHomology method generates all possible candidate RNA pairs that share a set of miRNAs based on putative (predicted or validated) miRNA-target interactions. Then, for each candidate RNA pair (RNA i and RNA j ), the hypergeometric test is used to evaluate the significance of the shared miRNAs by these two RNAs. The significance p-value is calculated as follows:
Here N denotes the number of all miRNAs of interest, K is the number of miRNAs interacting with RNA i , M is the number of miRNAs interacting with RNA j , and n is the number of the shared miRNAs by RNA i and RNA j . The RNA-RNA pairs with significant shared miRNAs (e.g. p-value < 0.05) are regarded as miRNA sponge interactions.
(2) The pc method (6) The muTaME method For a putative (validated or predicted) miRNA-target interaction, the target gene contains multiple validated or predicted MREs to bind with the miRNA. Considering the influence of MREs information in identifying miRNA sponge interactions, the muTaME method is implemented based on the following four scores:
• The fraction of the shared miRNAs
• The density of the MREs for all shared miRNAs
• The distribution of MREs of the putative RNA-RNA pairs
• The proportion between the overall number of MREs for a putative miRNA sponge compared with the number of miRNAs that yield these MREs
By adding the logarithm of the four scores together, we obtain the combined score for a candidate RNA pair (RNA i and RNA j ). To compare the strength of the pairs, we normalize their combined scores to obtain normalized scores in the range of [0 1], and the RNA pairs ranked high according to their scores (e.g. top 10%) are regarded as miRNA sponge interactions. (7) The cernia method
The cernia method is an updated version of the muTaME method. It is implemented based on the following seven scores:
• The fraction of the shared miRNAs To help users further understand the common and different characteristics of eight miRNA sponge interactions identification methods, we have made a summary of them in Table 1 . If an input dataset contains expression levels of genes which change across different biological conditions, we say the data is dynamic; otherwise it is static.
Therefore, depending on the type of the data, i.e. dynamic or static, used by an individual method, the interactions can be divided into two types: dynamic and static.
The integrateMethod approach contains both dynamic and static interactions, thus the type of interactions is hybrid. According to problem of linear or non-linear relationships for individual method, the type of interactions can also be divided into two types (linear and non-linear). Since the integrateMethod approach contains both linear and non-linear interactions, the type of interactions is also hybrid. According to the specific needs, users can select a reasonable method for their own. Moreover, regarding choosing the method to achieve the best results and performance metrics, for the same input data, the best method for the identification of miRNA sponge interactions is the one that identifies the largest percentage of experimentally validated miRNA sponge interactions.
Identification of miRNA sponge modules
Since modularity is an important property of many biological networks, the discovery and analysis of modules in biological networks have attracted much attention within the bioinformatics community. To understand the module-level properties of miRNA sponges, we implement the netModule function to identify miRNA sponge modules from miRNA sponge interaction networks. Here, a miRNA sponge module denotes a cluster of miRNA sponges.
Users can select the FN [27] , MCL [28] , LINKCOMM [29] or MCODE [30] method for module identification. FN is a fast hierarchical agglomeration algorithm, and it is implemented by greedily optimizing the modularity for detecting community structures [27] . MCL relies on the Markov cluster algorithm, and identifies modules in biological networks by a mathematical bootstrapping procedure. The procedure simulates random walks within a biological network by the alternation of two operators called expansion and inflation [28] . LINKCOMM is a module identification method from the linkcomm R package [29] . It clusters the links between nodes rather than clustering nodes to identify modules. The identified modules are allowed to have same nodes, consequently uncovering the overlapping and dense community of a biological network. MCODE identifies densely connected modules based on vertex weighting (local neighbourhood density) and outward traversal (from a locally dense seed node to isolate the dense regions) [30] .
Validation and analysis
Since the ground truth of miRNA sponge interactions is still limited, it is hard to validate predicted miRNA sponge interactions generated by computational methods.
In miRspongeR, we provide the spongeValidate function to validate predicted miRNA sponge interactions by using curated miRNA sponge interactions as a source. As for the predicted miRNA sponge interactions that are not included in the source for validation, users need further wet lab experiments to know if the predictions are correct or not. The ground truth of miRNA sponge interactions is from miRSponge [31] , LncCeRBase [32] , LncACTdb v2.0 [33] , and the three manually curated literatures [5, 11, 34] . We include the ground truth as a file in the package, and will continually update it for accurately evaluating and comparing different methods. The Hazard Ratio (HR) between the high and the low risk groups is also calculated.
Application
In this section, we apply the miRspongeR package to the BRCA dataset. The matched To obtain high-quality candidate miRNA sponge interaction pairs, we use experimentally validated miRNA-target interactions from miRTarBase v7.0 [37] for the case study. We are only interested in the miRNA-target interactions supported by strong experimental evidences (Reporter assay or Western blot) in miRTarBase.
Between 161 miRNAs and 5370 mRNAs which are differentially expressed, we obtain 1251 unique miRNA-target interactions from miRTarBase. The MREs information is obtained from Sardina et al. [18] . They employ miRanda algorithm [38] to predict binding sites, and MREs have the hybridization energy values no more than 0 are reserved. In total, we have a list of 824828 MREs related to the differentially expressed miRNAs and mRNAs. By using the default ground truth in the miRspongeR package, we have a list of 1465 unique validated miRNA sponge interactions in total.
For the identification of miRNA sponge interactions, the cutoffs to be set by users are identify a smaller number of miRNA sponge interactions. The number of permutations for both the hermes and ppc methods has been set to 100 by default in the package. The cutoff of normalized score is set to 0.5 by default in the package for the muTaME and cernia methods. For the integrateMethod method, we only retain the predicted miRNA sponge interactions which are predicted by at least 3 out of the 7 component methods.
For the identification miRNA sponge modules in the BRCA dataset, the module size cutoff for the FN, MCL, LINKCOMM and MCODE methods is set to 3 by default in the package. Moreover, we conduct enrichment and survival analysis of the identified miRNA sponge modules by using default settings in the package.
Results
The miRspongeR package is developed for the identification and analysis of miRNA sponge interaction networks and modules. In this section, we show the usages of the miRspongeR package by conducting a case study. For the case study, the BRCA dataset used can be obtained from https://github.com/zhangjunpeng411/miRspongeR_dataset and the running scripts can be seen in Additional file 1.
In the case study, we only focus on studying mRNA related miRNA sponge interaction networks and modules. It is noted that miRspongeR can be applied to study the miRNA sponge interaction networks and modules involving other types of RNA (lncRNA, pseudogene, circRNA, etc.). For instance, if we want to consider lncRNAs acting as miRNA sponges, the input miRNA-target interactions and MRE data to miRspongeR should contain miRNA-lncRNA interactions and the gene expression data should include matched lncRNA expression data.
Identification and validation of BRCA-related miRNA sponge interactions
In this section, we use the miRspongeR package, including the 7 methods introduced in the section Identification of miRNA sponge interactions and the integrated method (integrateMethod) to identify BRCA-related miRNA sponge interactions.
As shown in Figure 2 
Module identification from BRCA-related miRNA sponge interaction network
Since the integrateMethod method integrates the results of 7 individual methods (miRHomology, pc, sppc, hermes, ppc, muTaME and cernia) to infer high-confidence miRNA sponge interaction network, in this section, we focus on module identification from BRCA-related miRNA sponge interaction network discovered by this integrated method. As shown in The overall number of significantly enriched terms can be seen in Figure 3 . Overall As shown in Table 3 The significantly enriched terms include DO, DGN, NCG, GO, KEGG and Reactome terms. HRlow95 and HRup95 denote the lower and upper of 95% confidence interval of HR, respectively. The identified significant miRNA sponge modules can distinguish the high and the low risk BRCA samples.
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